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Abstract 

Biosorption with macroalgae is a promising technology for the bioremediation of industrial effluents. However, the vast 
majority of research has been conducted on simple mock effluents with little data available on the performance of 
biosorbents in complex effluents. Here we evaluate the efficacy of dried biomass, biochar, and Fe-treated biomass and 
biochar to remediate 21 elements from a real-world industrial effluent from a coal-fired power station. The biosorbents were 
produced from the freshwater macroalga Oedogonium sp. (Chlorophyta) that is native to the industrial site from which the 
effluent was sourced, and which has been intensively cultivated to provide a feed stock for biosorbents. The effect of pH 
and exposure time on sorption was also assessed. These biosorbents showed specificity for different suites of elements, 
primarily differentiated by ionic charge. Overall, biochar and Fe-biochar were more successful biosorbents than their 
biomass counterparts. Fe-biochar adsorbed metalloids (As, Mo, and Se) at rates independent of effluent pH, while untreated 
biochar removed metals (Al, Cd, Ni and Zn) at rates dependent on pH. This study demonstrates that the biomass of 
Oedogonium is an effective substrate for the production of biosorbents to remediate both metals and metalloids from a 
complex industrial effluent. 
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Introduction 

Mining, mineral processing and energy generation produce 
large quantities of contaminated effluent. For example, coal-fired 
power stations produce complex effluents containing dissolved 
elements from tlie flusliing of ash from the flue and furnace [1]. 
The resulting effluent contains elements at concentrations of 
potential environmental concern, such as Al, As, B, Cd, Mo, Se, 
Sr, V, and Zn, and extensive treatment is required before the 
effluent can be discharged [1,2]. As the cost and operational 
conditions of treatment options can be prohibitive [1,3], the 
effluent is often retained in large storages known as Ash Dams 
(AD). However, despite the apparent confinement of these water 
bodies, AD remain a significant source of toxic elements to local 
organisms [4]. Consequently, there is a need for a cost effective, 
sustainable and comprehensive approach to the remediation of 
complex industrial effluents. 

Biosorption with biomass is an alternative to existing waste 
water treatment technologies with promising results at the 
laboratory scale [5]. Biosorption exploits the ability of dead or 
denatured biomass, such as dried macroalgae, to passively bind 
ions from aqueous solutions [6,7]. Dried macroalgae are 
particularly effective biosorbents due to the high abundance of 
functional groups which have a strong affmity for dissolved 



cationic metals despite also having relatively high concentrations 
of these same metals in the biomass [8]. Many functional groups 
can be involved in biosorption and this can vary according to 
taxonomic groupings. For example, in brown algae the carboxylic 
groups of alginates are typically dominant in biosorption processes, 
while some freshwater green algae, such as Oedogonium, have 
ceUulosic cell walls that resemble those of higher plants [9,10]. 
These functional groups can passively bind dissolved metals 
through various processes, including passive electrostatic attrac- 
tion, ion exchange with "light" metal ions (Ca^^, Na"*", K"*" and 
Mg^^), or complexation processes [10]. 

Macroalgae (and other biosorbents such as activated carbon) 
only have an affinity for dissolved cations and are relatively 
ineffective at treating oxyanions, such as selenate (Se04"~) that are 
common constituents of effluents [1 1]. However, dried macroalgae 
can be manipulated to improve its affinity for specific contami- 
nants. Biomass can be converted to carbon-rich biochar through 
slow pyrolysis, resulting in a product with similar properties to 
activated carbon [12]. Additionally, biomass and biochar can be 
pre-treated with an iron (Fe) solution to improve the adsorption of 
anionic metalloids, including Se04^~ [13]. Deposition of Fe onto 
the surface of either dried biomass or biochar provides a positive 
charge, promoting the formation of inner-sphere complexes 
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between oxyanionic metalloids and Fe-treated biosorbents, where 
there would otherwise be no natural affinity for sorption [14—16]. 

Despite the promise of macroalgae as a biosorbent, industrial 
application has been limited. One key factor limiting the 
application of biosorption is the lack of a sustainable and sufficient 
source of biomass [6,17]. Wild harvests of biomass to support 
biosorption are simply not sustainable when one considers the 
volumes required [6], and commercially cultivated seaweeds have 
existing applications in other markets [17]. However, in recent 
work we have shown that native species of macroalgae can be 
cultured to provide sustainable biomass for bioremediation 
[17,18]. This cultivated biomass represents a sustainable source 
of biomass, but little research has considered the efficacy of 
cultivated biomass in biosorption applications. 

An additional limitation of existing biosorption research is that 
it has focused on simple synthetic effluents. These studies often 
focus on the kinetics of sorption and the mechanisms of uptake of 
select elements under ideafized conditions. In contrast, real-world 
industrial effluents are complex, involving multiple interacting and 
competing contaminants that occur in a variety of speciation and 
oxidation states, which are inffuenced by environmental conditions 
[2,8]. Biosorption research that has been conducted in multi- 
element systems has shown that non-target elements can interfere 
with [19,20] or competitively exclude [21] biosorption of target 
elements. Consequently, in multi-element systems the capacity of a 
biosorbent for individual elements topically decreases in compar- 
ison to results obtained in idealized single-element effluents [22]. 
Macroalgal biosorbents have not yet been proven to be an effective 
means of treating complex effluents with multiple co-existing 
contaminants [7] and it is rare for studies to consider systems with 
more than three elements [8] . In fact, ver^' little is known about the 
performance of biosorbents of any type in multi-elemental systems, 
or the effects that physical parameters such as pH and exposure 
time have in these scenarios. 

Here we address key constraints to the industrial application of 
algal-based biosorption by assessing the efficacy of a macroalgal 
biosorbent for use in a real-world complex industrial effiuent. We 
collect a native isolate of the cosmopolitan freshwater macroalgal 
genus Oedogonium (Link ex Hurn, 1900) from the AD of a coal-fired 
power station and cultivate it in intensive production systems as a 
means of providing sustainable biomass for biosorption. Specifi- 
cally, we test Oedogonium dried biomass, derived biochar, Fe-treated 
biomass and Fe-treated biochar as biosorbents for 21 metals and 
metalloids in an effluent taken from coal-fired power production 
under a range of pH conditions and exposure times. These results 
wiU establish the potential of biosorption for the remediation of 
complex industrial effluents using purposely cultivated biomass. 

Materials and Methods 

Industrial effluent 

This study targeted Ash Dam Water (ADW) from Tarong coal- 
fired power station in south-east Queensland, Australia (26.76°S, 
151.92°E). Tarong is one of Queensland's largest power stations 
with a generation capacity of 1400 MW, and a 46,000 ML AD 
storing contaminated waste water. ADW was sourced directiy 
from the AD and transported to James Cook University (JCU), 
Townsville in 1000 L Intermediate Bulk Containers (IBCs) in 
November 2012. The ADW was then stored at ambient 
temperature in 12,000 L storage tanks until use. The effluent 
was collected and transported to JCU by StanweU Energy 
Corporation. 



Algal biosorbent production & preparation 

Oedogonium sp. (Genbank: KF606974) [23] hereafter Oedogonium, 
was used as the source biomass for the production of biosorbents 
(see below). Oedogonium is a native filamentous, freshwater green 
alga in the Tarong AD [18]. Oedogonium samples were initially 
collected from the Tarong AD in October 20 1 2 but could not be 
identified to species using taxonomic keys based on morphological 
characteristics [24]. The species was therefore assessed using 
molecular techniques, arguably the most accurate means to 
identify cryptic species, and this isolate has been assigned the 
Genbank accession number KC606974 with no current matches 
for this species in the database [23]. 

After coUection from Tarong AD, Oedogonium was cultivated in 
Manutec f/2 algal growth media in 2500 L tanks during the 
austral summer months January - March) in the aquaculture 
facility at JCU (19.33°S, 146.76°E). Prior to experiments, 2 kg of 
algae was harvested from the tanks and oven dried to a constant 
mass at 60°C for 48 hours (h). Subsequentiy, 1 kg of the dried 
Oedogonium biomass was converted into biochar by slow pyrolysis 
under conditions previously developed for macroalgae [12]. 
Briefly, Oedogonium was suspended within a muffle furnace (Labec 
CEMLS-1200) and continuously purged with N2 (BOC) gas at 
4.0 L min ' while being heated to a hold temperature of 450°C 
for 1 h. Additionally, a sub-sample of both the dried biomass and 
biochar were also treated with a 5% Fe solution, prepared by 
diluting FeCl3 (Sigma Aldrich 45% w/v) in deionized (DI) water 
(Millipore Direct-Q3), to become Fe-loaded biosorbents. Dried 
biomass and biochar were exposed to separate Fe solutions at a 
density of 25 g L~' for 24 h on a shaker plate (100 rpm) at 20°C, 
then filtered from the solutions and rinsed three times with DI 
water at a rate of 20 ml g~', then dried at 60°C for 48 h. 

Biosorption experiments 

Biosorption experiments were conducted to quantify the rate 
and composition of metal and metalloid adsorption from .\D\V l)y 
Oedogonium dried biomass, biochar, Fe-treated dried biomass and 
Fe-treated biochar at three alternate initial pH levels (2.5, 4, 7.1 
see below). Filtered (0.45 pm sterile Starstedt syringe filters) 
samples of ADW were analyzed prior to experimental treatments 
to serve as a benchmark for initial conditions. 

Two solutions of pH-manipulated ADW were produced with 
1 M HCl ([)H 2.5 and 4, Sigma Aldrich TraceSelect Ultra), while 
a third remained at the native pH of the ADW, 7.07±0.01. The 
experiment was fully factorial in design, with independent samples 
being destructively sampled at each time point. Each of the 
treatments consisted of a plastic beaker with 60 ml of ADW and 
0.6 g of biomass, biochar or the Fe-treated derivatives (10 g L 'of 
biosorbent). The beakers were shaken (100 rpm at 20°C) in 
incubator shaker cabinets. At the end of the allocated exposure 
time (0:15, 0:30, 1:00, 4:00, 24:00, or 168:00 hours) the samples 
were removed from the cabinets and filtered with 75 \im nylon 
filter paper. The solution was then filtered to 0.45 |tm using a glass 
fiber filter and syringe, then analysed as desc:ribed below. Samples 
containing no biosorbent were processed in the same manner to 
serve as negative controls to quantify losses of elements to 
experimental glassware and filtration. The experiment was 
replicated three times. All plastic and glassware was acid washed 
in a 5% HNO3 (Sigma Aldrich) bath for 48 h, then rinsed in DI 
water prior to use. 

Elemental analysis 

The concentrations of Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Mo, 
Ni, Pb, Se, Sr, V and Zn were measured with a Bruker 820-MS 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS), and 



PLOS ONE I www.plosone.org 



2 



June 2014 I Volume 9 | Issue 6 | e94706 



Algal-Based Bioremediation of a Complex Effluent 



Ca, K, Mg and Na with a Varian Liberty series II Inductively 
Coupled Plasma Optical Emissions Spectrometer (ICP-OES). An 
external calibration strategy was used for both instruments, where 
a standard solution of 0.45 |J,m filtered ADW was used as the 
vector to calculate the concentration of elements. CoUisional 
Reaction Interface (CRI) was used for As (H2) and V (He), while 
^^Se isotope was used for Se quantification, to eliminate 
polyatomic interferences for these elements. A 1% HCl solution 
was spiked with 1 ppb As, Se and V and measured three times for 
quality control; recovery between 98.5 and 110% indicated no 
significant interferences. All analyses were conducted at the 
Advanced Analytical Centre at JCU, TownsviUe. 

Data analysis 

Multivariate patterns in biosorption were visuahzed using 
Principal Components Analysis (PCA) from a correlation matrix 
with some elements log-transformed to create a normal distribu- 
tion [25]. Univariate analysis took the form of three-way fully- 
factorial Analysis of Variance (ANOVA), with the factors 
biosorbent (fixed), pH (fixed) and time (random). Data were 
examined for normality and homogeneity of variance- using 
normal-probability plot of raw residuals and predicted-residual 
scatter plot, and were transformed as necessary to meet 
assumptions [26]. Both the PCA and ANOVA test were 
conducted in Statistica for Windows (Ver. 10, C. Statsoft Inc. 
1984-2011). 

Results 

Characteristics of ADW 

Twelve (Al, As, B, Cd, Cr, Cu, Pb, Mn, Mo, Ni, Se and Zn) of 
the 21 elements measured in the ADW have trigger levels 
established by the Australian and New Zealand Environmental 
Conservation Council (ANZECC) [27]. Of these twelve elements, 
eleven (Al, As, B, Cd, Cr, Cu, Pb, Mo, Ni, Se and Zn) were in 
excess of the trigger values (Table 1). Given that these elements 
have quantifiable remediation goals they are the focus of the 
following results section. 

Biochar, biomass and ANZECC metals 

Biocliar was the most elfective biosorbent, removing a broad 
suite of metals (Mn, Al, Cr, Cu, Cd, Ni, Pb and Zn). from solution 
(Figures 1 and 2). The PCA shows that effluent treated by biochar 
clustered along the positive PC 1 axis, being characterized by lower 
concentrations of metals than the effluents treated by the 
remaining biosorbents (Figure SI). There was, however, a 
significant effect of pH on the biosorption of most metals by 
biochar ("Biosorbent x pH" Table SI). At high initial pH (4.0 & 
7.1) the raw biochar rapidly adsorbed metals from solution but at 
low initial pH (2.5), leached metals into solution (Figure la). 

Of the metals included in the ANZECC guidelines, Al, Ni and 
Zn were most effectively removed from solution by biochar, and 
each of these had a pH-dependent response in the rate of 
biosorption (Figure 2a, c, e; Table SI). All three of these metals 
were reduced below their respective ANZECC trigger levels by 
biochar at high initial pH, in the case of Al and Zn within 30 min 
(Table 1; Figure 2a, c, e). When pH was initially low (2.5), the 
concentration of Al and Zn incrcasc-d in solution in the first 
15 min, then over the next four hours adsorbed onto the biochar 
to finally reach levels below the hmits of detection (Figure 2a, e). 
While Cd was also adsorbed by biochar at varying rates under 
different initial pH conditions (2.5, 4.0 and 7. 1), it was not reduced 
to below the trigger level (Figure 2g; Table 1). 



The response of metals to biomass varied greatly and, as with 
biochar, often in a pH-mediated fashion (Figure lb). Overall, there 
was an increase in element concentrations in ADW treated with 
biomass (Figure lb) which is supported by effluent treated by 
biomass being broadly distributed around the centroid in the PCA, 
demonstrating it was a relatively ineffective biosorbent (Figure SI). 
Al was the only metal reduced below its respective trigger level 
when exposed to biomass, and this only occurred at high initial pH 
(4 and 7.1) (Figure 2b). In contrast, at an initial pH of 2.5 the 
concentration of Al increased substantially and continuously for 
the (;ntir(; exposure duration (Figure 2b). Again, Zn displayed a 
similar pattern (Figure 2f). When exposed to biomass, Ni and Cd 
both displayed a similar pattern of initial decrease in concentration 
at high pH (4.0 and 7.1) followed by no significant change for the 
remaining duration of exposure, however, in low initial pH (2.5) 
both Ni and Cd did not differ from the initial concentration 
(Figure 2d, h; Table SI). Mn displayed substantial pH-mediated 
leaching when exposed to both biochar and biomass (Figure. S3g, 
h). 

Fe-blochar, Fe-biomass and ANZECC metalloids 

Fe-biochar was an effective adsorbent of As, Mo and Se, and 
initial pH had no impact on the rate or extent of adsorption of 
these elements (Figure Ic, Table SI). The net concentration of all 
ANZECC oxyanionic metalloids (As, B, Mo, Se) decreased by 
2700 |J.g L~' (30%) within the first 15 min of exposure to Fe- 
biochar when the initial pH was 4 or 7.1 (Figure Ic). This can be 
visualized in the PCA, in which ADW treated with Fe-biochar 
clusters along the positive PC 2 axis in the PCA, demonstrating the 
effluent treated with Fe-biochar tended to have lower concentra- 
tions of As, Se and Mo than the remaining tr(-atmcnts (Figure SI). 

The concentrations of As, Mo and Se all dropped significantiy 
lower with Fe-biochar than for any other biosorbent. As and Mo 
were adsorbed by Fe-biochar to below their respective trigger 
levels for all initial pH conditions (Table 1; Figure 3a, c). Se was 
substantially reduced within the first 15 mins by Fe-biochar but 
not to the point of the AZNECC trigger level (Figure 3e; Table 1). 
As and Mo followed the characteristic pattern of rapid initial 
adsorption within the first 15 mins and continued decline at a 
slower rate for the remaining exposure (Figure 3a, c). Initial 
concentrations of B were 20 times in excess of the trigger level and 
despite a drop in concentration of approximately 20% when 
exposed to Fe-biochar at an initial pH of 4 (Table 1), the 
concentration of B did not approach the trigger level for any of the 
treatments (Figure 3g, h). 

Fe-biomass behaved in a similar manner to Fe-biochar, albeit 
not as successfully. There was an initial reduction of 1 700 ng L ' 
(18%) of ANZECC metalloids in the first 15 min of exposure to 
Fe-biomass (Figure Ic). Interestingly, untreated biomass at low pH 
(2.5) showed a similar total effectiveness with metalloids as Fe- 
biochar, with an initial decrease in metalloid concentration of 
2400 ng L"' (28%) in the first 15 min (Figure. S2d).Mo and Se 
were slightiy reduced in ADW when exposed to Fe-biomass 
(Figure 3d, f; Table SI), however, these were the only elements to 
do so. 

Discussion 

This study demonstrates that the biomass of Oedogonium is an 
effective substrate for the production of biosorbents to remediate 
both metals and metalloids from a complex industrial effluent. 
Conversion of biomass to biochar through slow pyrolysis, and Fe- 
treatment of this biochar, produces biosorbents that effectively 
bind metals and metalloids respectively. The affinity of each 
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Table 1. The ANZECC trigger level and initial concentration for each element investigated, in addition to the lowest final 
concentration and the biosorbent, time and pH conditions responsible. 







ANZECC Trigger 


Initial Concentration 


Final Concentration 








Element 


(H9 L-') 


lug 


(± SE)1 


[^lg 


(± SE)] 


Best Biosorbent 


Fastest Time 


Best pH 


Aluminium 


55 


144 


(35) 


35 


(28) 


Blochar 


0:30 


£4 


Arsenic 


13 


43 


(5.5) 


9 


(1.0) 


Fe-Biochar 


24 


NA 


Boron 


370 


7475 


(893) 


5767 


(462) 


Fe-Biochar 


0:15 


4 


Cadmium 


0.2 


2.3 


(0.2) 


0.9 


(0.2) 


Biochar 


0:30 


>4 


Chromium 


1 


5.2 


(3.3) 


2.6 


(2.1) 


Biochar 


0:15 


NA 


Copper 


1.4 


1.9 


(0.9) 


1.2 


(0.9) 


Blochar 


0:30 


NA 


Lead 


3.4 


0.3 


(0.1) 


0.03 


(<0.01) 


Biochar 


0:30 


8 


Manganese 


1900 


3 


(0.8) 


- 




- 


- 


- 


Molybdenum 


34 


1437 


(127) 


28 


(5.9) 


Fe-Biochar 


168 


NA 


Nickel 


11 


53 


(7.3) 


11 


(2.7) 


Biochar 


24 


£4 


Selenium 


11 


82 


(3.9) 


21 


(2.6) 


Fe-Biochar 


0:30 


NA 


Selenium 


11 


82 


(3.9) 


13 


(1.8) 


Biomass 


168 


4 


Zinc 


8 


64 


(11) 


5 


(2.4) 


Biochar 


0:30 


^4 


Barium 


- 


108 


(2.3) 


90 


(4.2) 


Biochar 


168 


NA 


Calcium 




330500 


(1528) 


293000 


(3464) 


Biochar 


168 


>4 


Cobalt 




0.6 


(0.1) 


0.3 


(0.1) 


Biochar 


0:30 


>4 


Iron 




1372 


(360) 


671 


(211) 


Biochar 


1 


NA 


Magnesium 




93700 


(302) 












Potassium 




30022 


(11416) 












Sodium 




446000 


(2363) 


396667 


(14170) 


Biochar 


4 


>4 


Strontium 




1648 


(275) 












Vanadium 




1098 


(102) 


149 


(31) 


Biomass 


168 


>4 



Elements which were reduced below ANZECC trigger level are in bold. 

"NA" indicates that the lowest concentration was not significantly different between pH conditions. 
"-" indicates element did not change or only increased in concentration. 
doi:1 0.1 371 /journal.pone.0094706.t001 



biosorbent for different constituents of an extremely complex 
waste water effluent is clearly demonstrated where biochar binds 
metals from solution at a rate that is affected by pH, while Fe- 
biochar consistently binds metalloids from solution in a manner 
that is unaffected by pH. Our results therefore highlight the 
complexities of biosorption that are only apparent in experiments 
conducted on real-world industrial eflluents. No single biosorbent 
was effective at holistically treating the range of elements in the 
complex ADW and so biosorption strategies for real-world 
eflluents may require multiple stages of treatment. 

The greatest change in metal and metalloid concentration 
within the ADW occurred in the first hour of exposure. Rapid 
initial sorption of metals and metalloids is commonly reported 
[28-33]. The effect of pH was pronounced for the untreated 
biosorbents, biomass and biochar, with biosorption patterns at low 
initial pH (2.5) often differing to those at higher initial pH (4.0 and 
7.1). The effect of pH for Fe-biomass and Fe-biochar was, 
however, negligible. The pH-independent sorption of metalloids 
by Fe-treated biosorbents may be due to the formation of inner- 
sphere complexes [14], which are largely unaffected by ionic 
strength and act without the restrictions of electrostatic attraction, 
allowing bond formation irrespective of net biosorbent charge 
[34]. 

The suites of elements targeted by the most successful 
biosorbents, Fe-biochar and biochar, were distinct and comple- 
mentary. Fe-biochar removed the oxyanionic metalloids As, Mo 



and Se, with As and Mo being reduced to below their respective 
ANZECC trigger levels, which is particularly notable for Mo as 
the concentration was initially 40 times in excess of the trigger 
level. While the ability of Iron Based Sorbents (IBS) to remediate 
anions has been established [11,12,13,35], we have shown that 
the remediation of these metalloids in a complex effluent comes 
at the expense of substantial leaching of metals back into 
solution. Conversely, biochar was able to remove a suite of 
metals from solution and did not leach any ANZECC elements 
into solution at high pH. The ability to simultaneously remove 
multiple metals from solution makes biochar a very successful 
biosorbent in a multi-elemental context, and offers the potential 
to combine biochar and Fe-biochar in sequential treatment 
strategies to sequester both metals and metalloids from complex 
effluents. 

For biochar, there was significant variation in metal sorption 
with half of the ANZECC metals (Al, Cu, Ni & Zn) being 
remediated to below their respective trigger levels, while metals 
such as Mn and K leached off the biochar and into solution. Ionic 
affmity for biosorbents is not fuUy understood, however, the ionic 
radius and electronegativity of a metal may have a significant 
effect [36-38]. For example, cation adsorption onto freeze-dried 
fungus Rhizopus arrhizus may be related to the electronegativity and 
ionic radius of each ion, otherwise known as the Covalent Index, 
which suggests Mn^""" has a very low sorption affinity [39,40]. 
Consequentiy, it is possible that during this study ion exchange is 
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Figure 1. Total respective biosorption of ANZECC metals by 
biochar and biomass, and metalloids by Fe-treated biosor- 
bents. Biosorption of metals (Al, Cd, Cr, Cu, Pb, Mn, Ni, and Zn) by (a) 
biochar and (b) biomass and biosorption of metalloids (As, B, Mo and 
Se) by (c) Fe-biochar and (d) Fe-biomass. Initial pH of 2.5, 4 and un- 
manipulated (7.1) are shown by solid, dashed and dotted lines, 
respectively. Error bars show standard errors 
doi:l 0.1 371/journal.pone.0094706.g001 

occurring involving tlie release of Mn, with its relatively low 
affinity and high abundance on Oedogonium, in exchange for metals 
of higher affinity such as Zn, Pb or Cu [36]. 

Metals and metalloids behaved differently when exposed to 
biomass and biochar under low initial pH conditions. When 
exposed to biomass and biochar at an initial pH of 2.5, several 
metals (Al, Cd, Mn, Ni, Zn) had high(;r concentrations in solution 
than the higher pH (4 & 7.1) treatments. As described earlier, the 



biomass was initially sourced from Tarong Ash Dam and 
cultivated in f/2 media. Consequendy, the resulting biomass 
contained elements from f/2 media that are required for growth 

and some of these elements leached when the dried biomass was 
returned to water at low pH (particularly Cu, Mo, Mn, Zn and 
Fe). Our finding that some elements leached from biomass at low 
pH further highhghts the importance of measuring a broad suite of 
analytes in biosorption experiments to uncover unexpected 
interactions between target and non-target elements. Conversely, 
metalloids (Se, Mo and V) had lower concentrations at low initial 
pH. There are several possible explanations for this pH-mediated 
response. Firstly, the increased metal concentration is a result of 
increased availability of free-ions at lower pH [41,42]. Second, 
the metals could be competitively excluded from the biosorption 
sites by the increased number of protons at lower pH [43,44]. 
Third, the lowering of the pH below the isoelectric point of the 
biosorbent resulted in a net charge reversal and therefore 
enhanced the adsorption of metalloids while hmiting the 
adsorption of metals [45-47]. In reality the pH-dependent 
adsorption of ions onto biosorbents is probably due to a 
combination of factors [6,7]. Overall however, lowering the pH 
to 2.5 in this study had no benefit to the removal of ions as 
elements were most successfully removed from the effluent at an 
un-manipulated initial pH of 7.1. 

Interestingly, when the biomass was converted to biochar, the 
metal leaching at low pH was reduced by more than 50%. While 
the behavior of complex feed stocks during slow pyrolysis is 
relatively poorly understood, it is known that biochar produced 
from element-rich biomass typically has a lower exchangeable 
fraction of metals than the feed stock. Some elements that are 
constituents of biomass are volatile and may not report to the 
biochar fraction during slow pyrolysis. Furthermore, converting 
biomass to biochar changes the speciation of bound metals, 
rendering them less liable to dissociation [48]. This is clearly 
supported by the significantly lower leaching of metals from 
biochar at low pH in our study. Clearly, therefore, biomass 
cultivated using f/ 2 media - or any similar growth media - can be 
considered an appropriate feedstock for Ijiosorption despite 
containing elements that are also targets for bioremediation, and 
this biomass is most effective when converted to biochar and used 
at an unmodified pH. 

In an overall sense, there is a developing dichotomy in the 
study of biosorption of metals and metalloids. The majority of 
research to date has focused on the kinetics and mechanisms of 
biosorption in synthetic effluents, which are in essence abstract 
and simplified conditions. While these studies are important in 
understanding the processes involved in biosorption, they lack the 
authenticity of complex effluents in which biosorption is to be 
applied [5-7]. Our results clearly demonstrate that macroalgae 
are a versatile feedstock for biosorbents, as Oedogonium biomass 
was able to be converted to biochar, Fe-biomass and Fe-biochar, 
each of which displayed differential affinity for metals and 
metalloids. Determination of whether the metal leaching that 
occurred for Fe-biochar (during the removal of the problematic 
metalloids) is an acceptable outcome or if the metals could be 
remediated using another process or biosorbent such as a 
sequential treatment, requires further investigation. A sequential 
approach in which alternative macroalgal-deri\ ed biosorbents are 
used in sequence on the same effluent solution, each targeting a 
specific suite of elements in the effluent, may result in a more 
comprehensive treatment. Regardless, our results highlight the 
critical importance of research that evaluates biosorbent perfor- 
mance in industrial effluents to fuUy understand the potential and 
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Figure 2. Biosorption of ANZECC metals (Al, Ni, Cd, and Zn) when exposed to biochar and biomass. Initial pH of 2.5, 4 and un- 
manipulated (7.1) are shown by solid, dashed and dotted lines, respectively. Error bars show standard errors. Horizontal dashed line indicates the 
respective ANZECC trigger concentration for each element. 
doi:l 0.1 371/journal.pone.0094706.g002 



viability of algal-based biosorption as a water treatment 
technology. 

Conclusions 

In conclusion we have not only demonstrated that the 
macroalga Oedogonium is an effective biosorbent in a complex 



industrial effluent, but we have done so with a macroalga that can 
be produced on-site at industrial facilities [18]. The biomass used 
in this study was cultivated at large scale in f/2 media to provide a 
rapidly growing source of biomass for waste water treatment in 
industry. To achieve this rapid growth, some elements must be 
added as part of any standard algal growth media, but these 
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Figure 3. Biosorption of ANZECC metalloids (As, B, Mo and Se) when exposed to Fe-biochar and Fe-biomass. Initial pH of 2.5, 4 and un- 
manipulated (7.1) are shown by solid, dashed and dotted lines, respectively. Error bars show standard errors. Horizontal dashed line indicates the 
respective ANZECC trigger concentration for each element. 
doi:1 0.1 371/journal.pone.0094706.g003 



elements are minor components of the biomass relative to the 
positive eflects of biosorption. The intensive cultivation of the 

biomass delivers the productivities required to support scaled 
biosorption which circumvents a critical barrier to application of 
biosorption. Furthermore, the on-site production of a native 
macroalga negates one of the most problematic components in the 



use of algal-based biosorbents, the source and transport of the 
biomass [6]. This offers a new paradigm in sustainable waste 
water treatment, where biomass for bioremediation is produced 
on-site at industrial facilities while delivering carbon capture. 
Through this strategic integration of industries, algal-based 
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biosorption will have much greater prospects for industrial 
application. 

Supporting Information 

Figure SI Principal Components Analysis of solution concen- 
tration for 12 ANZECC elements. (A) PC A and (B) factor loadings 
for 12 elements include all biosorbcnt, time periods (excluding tO) 
and pH conditions, grouped by biosorbent. Vectors (factor 
loadings) indicate the direction and magnitude of correlation 
between a specific element and the biosorbent which resulted in 
the lowest respective concentration. 
(DOCX) 

Figure S2 The total respective biosorption of metals (Al, Cd, Cr, 
Cu, Pb, Mn, Ni, and Zn) by (a) Fe-biomass and (b) Fe-biochar and 
total respective biosorption of metalloids (As, B, Mo and Se) by (c) 
biochar and (d) biomass. Initial pH of 2.5, 4 and un-manipulated 
(7.1) are shown by solid, dashed and dotted lines, respectively. 
Error bars show standard errors. 
(DOCX) 

Figure S3 The biosorption of ANZECC metals (Pb, Cr, Cu, and 

Mn) when exposed to biochar and biomass. Initial pH of 2.5, 4 
and un-manipulated (7.1) are shown by solid, dashed and dotted 
Unes, respectively. Error bars show standard errors. Horizontal 
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